Purified polyoma empty capsids and polyoma type I DNA interact in a cell-free system to form nucleoprotein complexes. Complexes that consist of one, two, three, and four empty capsids per DNA molecule have been detected. Polyoma virions or capsomers do not react with added DNA to form such complexes.
Productive infection of mouse cells by polyoma virus yields mainly complete virions and empty capsids (3, 26) having densities in CsCl of about 1.32 and 1.29 g/cm3, respectively (26) . The production of other polyoma-related particles has been summarized elsewhere (28) . The purified empty capsids are believed to be devoid of nucleic acid (2, 3, 17) . Whether polyoma empty capsids are precursors of complete virions, by-products of virus synthesis, or the result of the disruption of mature virions has never been clarified.
In a number of phage systems, there is increasing evidence for the interactions of viral DNA and empty capsids. For example, the experimental results of Pruss et al. (21) , using the phage P2-P4 system, are compatible with DNA packaging via the filling of preformed empty capsids. Hohn and Hohn (11) have shown that empty, headlike particles of phage X are active in packaging DNA in vitro. In the case of phage T4, at least some DNA enters the phage head after the head has been constructed (13) . Finally, experiments by Serwer (25) indicate the formation in vivo and in vitro of complexes between phage T7 capsids and T7 DNA.
The evidence of this paper indicates that in a cell-free system polyoma empty capsids and polyoma type I DNA interact to form complexes. Such complexes are not formed between polyoma virions and added polyoma DNA.
MATERIALS AND METHODS
Media. EC medium (18) Virions and empty capsids used for binding studies. Polyoma virions and empty capsids used in the binding experiments were produced by infecting primary mouse embryo cells, at a multiplicity of infection of about 1 PFU/cell, with this laboratory's stock of the small plaque variant of the Toronto strain of polyoma virus. The method of Crawford (1) was used for virus production and harvesting.
To obtain radioactive virions and empty capsids, 10 ,gCi of L-[fH ]tryptophan (3 Ci/mmol) were added per ml of medium at 18 h postinfection. The medium, after infection, contained 1% dialyzed calf serum.
Virions and empty capsids labeled with [3H jarginine
were produced by adding to the cells, after the virus adsorption period, medium containing citrulline and 1% dialyzed calf serum but lacking arginine. L-['H Jarginine (20.6 Ci/mmol) was added 20 h after infection.
The virus was harvested 6 days postinfection. The crude extracts were purified essentially by the method of Winocour (26) . The peak of virions and the peak of empty capsids obtained after equilibrium centrifugation in CsCl were each subjected to two additional CsCl equilibrium centrifugations. The final peak of virions or empty capsids was separately dialyzed, sedimented through the 10 to 40% standard sucrose gradient, and dialyzed against 0.01 M Tris (pH 7.5)-0.05 M NaCl. Virions or empty capsids were located in all of the above gradients by radioactivity and/or hemagglutination assays. The nonradioactive polyoma empty capsids had 44 Hirt (9) . The DNA was purified with phenol, precipitated with alcohol, and passed through two cycles of centrifugation in cesium chloride-ethidium bromide gradients (23) . The peak containing polyoma type I DNA was pooled. The ethidium bromide was removed by four extractions with isopropanol and dialysis against 0.1 x standard saline-Standard assay method for measuring complex formation. The assay is carried out in a glass tube, which has been treated with Siliclad (Clay Adams Co.) 1 h before use. The standard reaction mixture (0.20 ml) contains 1.5 x 10-2 M Tris buffer (pH 7.5), 10-2 M MgCl2, 0.10 mg of crystalline bovine albumin (Pentex), 0.61 lAg of polyoma type I [3H ]DNA (3.48 x 10' counts/min per jg), and designated amounts of purified polyoma empty capsid protein. (Pentex crystalline bovine albumin was used because it is free of endonuclease activity. Two different lots of Armour crystallized bovine albumin were found to contain an endonuclease activity that converts polyoma DNA from 53S to 14 to 16S material.) After incubation at 37 C for 60 min, the reaction mixture is chilled to 4 C for 10 min and transferred to the top of the standard sucrose gradient at 4 C in a Spinco SW41 polyallomer tube. The standard sucrose gradient consists of 10 ml of a neutral 10 to 40% sucrose gradient containing 0.01 M Tris (pH 7.5)-0.15 M NaCl and 0.5 mg of crystalline bovine albumin (Pentex) per ml. The sucrose gradient is preformed over 0.30 ml of a CsCl cushion having a density of 1.77 g/ml. Sedimentation is carried out in the Spinco SW41 rotor at 4 C for 2 h at 25,000 rpm. After centrifugation, the bottom of the tube is punctured, and 20 drops/fraction are collected directly into plastic scintillation vials. Scintillation fluid containing Triton X-100 is added, and the radioactivity in each fraction is determined with a Packard Tri-Carb scintillation counter.
Gradients. In addition to the standard sucrose gradient, described above, the following gradients were used. (i) CsCl isopycnic gradients (26) were performed at 32,000 rpm for 22 h at 25 C with a Spinco SW50.1 rotor. (ii) Alkaline 5 to 20% sucrose gradients were prepared by mixing in a Buchler gradient-forming apparatus 2.3 ml of 5% sucrose containing 0.1 N NaOH-0.5 M NaCl-0.025 M EDTA and 2.3 ml of 20% sucrose containing 0.4 N NaOH-0.5 M NaCl-0.025 M EDTA. Centrifugation was for 115 min at 49,000 rpm, 4 C, in the Spinco SW50.1 rotor. (iii) All gradients were fractionated by puncturing the bottom of the tubes and collecting drops. The radioactivity in each fraction was determined with a Packard Tri-Carb scintillation counter by using a toluenebased scintillation fluid which contained 0.55% 2,5-diphenyloxazole, 0.01% 1,4-bis[2-(4-methyl-5-phenyloxazolyl) ]-benzene, 10% water, and 33% Triton X-100 (Rohm and Haas).
Other methods. Hemagglutination assays were performed using guinea pig erythrocytes (1). Protein was determined by the method of Lowry et al. (12) . Concentrations of polyoma DNA were determined by ultraviolet absorption, using the extinction coefficient E,,% = 200. Electrophoresis was done by the method of Maizel (14) , using 0.1% sodium dodecyl sulfate-7.5% polyacrylamide gels, 7.5 cm in length. Virions or empty capsids were incubated in a previously described, sodium dodecyl sulfate-containing disruption buffer for 2 h at 55 C before electrophoresis (14 
RESULTS
Criteria of purification. The two principal criteria used to indicate the degree of purity of the empty capsids were gel electrophoresis and sedimentation through sucrose. Gel electrophoresis of purified preparations of empty capsids (Fig. 1A ) indicated the presence of polyoma polypeptides P1, P2, P3, and P4 and the absence of detectable amounts of P5, P6, and P7. The numbering system of Roblin et al. (24) has been used to designate the polypeptides. Polypeptides P5, P6, and P7 are "internal proteins," which contain arginine but lack tryptophan (4, 24) . They are believed to represent host cell histones, probably bound to polyoma DNA, in the virions (4, 24) . P5, P6, and P7 represent about 15 to 20% of the radioactivity found in arginine-labeled virions ( Fig. 1C; (Fig. 1B) .
Sedimentation of purified radioactive empty capsid preparations through the standard sucrose gradient indicates that virtually all the radioactivity is in the major peak (Fig. 2) . When compared to polyoma virions (240S), added as a sedimentation marker, the empty capsids sediment at 189S. Other investigators have reported values of 140 and 134S for polyoma empty capsids (2, 17) . Either our empty capsids are aggregated or they contain substantial impurities bound to the capsids. The electrophoresis results ( Fig. 1 (Fig. 3) . When the DNA is incubated in the absence of the empty capsids, all of the radioactivity remains at the top of the sucrose gradient (Fig. 3A) . The incubation of the DNA with nonradioactive polyoma empty capsids results in the appearance of a number of new peaks of radioactivity ( Fig. 3B-G) . At a low ratio of protein to DNA (Fig. 3B) , a single new peak appears. As the protein-to-DNA ratio increases to about 13:1, the radioactivity of peak 1 The 144S product of the reaction contains the polyoma polypeptides found in polyoma empty capsids, indicating that the reaction involves capsid and not noncapsid protein (Fig. 5) . The 14C peaks near the origin represent the ["4C ]DNA that was in the complex.
The protein and DNA contents of some of the complexes formed were calculated using the specific activity of the ["4C ]DNA and 3H empty capsids ( Table 1 ). The peak fraction of the 144S complex is found to contain the least amount of protein relative to DNA, whereas the 370S complex contains four times as much. Table 2 summarizes experiments using three different preparations of 3H empty capsids to obtain the percent DNA and protein-DNA ratio of the 144S complex. Examination by electron microscopy of the reaction mixture, after incubation but without sedimentation through sucrose, shows the presence of empty capsid-DNA complexes consisting of one, two, three, and four empty capsids per molecule of DNA. When the 144, 240, and 320S complexes are isolated from the sucrose gradient, electron microscopy showed there were one, two, and three empty capsids, respectively, per DNA molecule. Complexes containing one, two, or three empty capsids per DNA molecule are seen in Fig. 6 . No complexes are seen if the DNA or the empty capsids are omitted from the reaction.
The DNA in the 144 and 240S complexes is not protected from hydrolysis by pancreatic DNase (Fig. 7) . After complexes between empty capsids and DNA are formed, incubation of them with nuclease-free Pronase destroys them (Fig. 8) . They are also dissociated by 1 M NaCl.
Determination of the ratio of polyoma type I DNA to types II plus III DNA after incubation with polyoma empty capsids. After incubation in the standard assay reaction mixture, followed by sedimentation through alkaline sucrose, 89% of type I DNA and 11% of types II plus III were found to be present (Fig. 9) . Since the same percentages were observed for the DNA prior to incubation (Fig. 9B) , it is concluded that when these purified empty capsids are incubated with type I DNA an endonucleolytic cleavage of type I DNA does not occur.
Miscellaneous agents and their effects. The presence of 0.50 M NaCl during the reaction completely prevents the reaction between type I DNA and empty capsids. No inhibition is detected in the presence of up to 0.25 M NaCl. The appearance of peaks 2, 3, 4, and 5 of Fig. 3 that is, the added DNA combines with empty capsids but not with complete virus particles. We do not wish to imply a specificity for the type of DNA, since polyoma types I or II plus III DNA, as well as mouse DNA, bind the empty capsids (Aposhian and Thayer, unpublished data). However, it should be remembered that pseudovirions, which contain mouse DNA fragments, also are produced during productive infection by polyoma virus (16, 22, 27) .
The results of these experiments suggest that the polyoma empty capsids contain some site(s) which has an affinity for DNA. These sites do not appear to exist on the outer surface of complete virions and, therefore, probably may not be on the outer surface of the empty capsids. Rather, the site(s) may be attached to (Fig.  3) .
Friedmann (5) has disrupted polyoma virions to capsomers and DNA by using carbonate buffer (pH 10.6) and dithiothreitol. Attempts (5) at reassembly of the disrupted virus by overnight dialysis of the preparations resulted in the formation of a 100S DNA-protein complex consisting mostly of linear aggregates of capsomers, indicating to Friedmann that polyoma capsomers bind polyoma DNA. Our experiments demonstrate that purified, naturally occurring empty polyoma capsids also bind polyoma DNA.
We do not know at present whether the formation of these empty capsid-DNA complexes will be useful as a model system for the study of the assembly of polyoma virions. However, experiments are in progress to determine whether the 55S polyoma nucleoprotein complex, isolated by Green et After 60 min at 37 C, the reaction mixture was divided into aliquots of 0.10 ml. To one aliquot nuclease-free Pronase (100 ug/ml) was added. Each aliquot was incubated at 37 C for an additional 30 min and then placed on the standard sucrose gradient. Symbols: With Pronase, (0); without Pronase, (a).
pointed out by Ozer and Tegtmeyer (19, 20) .
The observation that polyoma empty capsids form complexes with polyoma DNA raises a number of other interesting questions. Do the empty capsids protect the DNA in the complex from the action of bacterial restriction enzymes? Are the empty capsids attached to specific segments of polyoma DNA? These questions are being investigated. 6 .5 ug of polyoma empty capsid protein were used. After incubation for 1 h at 37 C, the reaction mixture was chilled to 0 C and 0.02 ml of 0.2 M EDTA and 0.025 ml of 1 N NaOH were added with gentle mixing. Then 0.20 ml of the mixture was placed on a preformed alkaline 5 to 20% sucrose gradient and centrifuged. Each fraction contained 7 drops. (A) after incubation; (B) before incubation.
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